Abstract. The aim of the study is to evaluate the impact of forest machines on soil compaction in ditch-sides and to describe the impact of soil compaction on water exchange between forest stands and drainage ditches. The study was carried out in Ceraukste parish. Three research objects have been selected nearby the newly constructed forest roads, where timber delivery has not yet been carried out. Each research object includes an experimental plot and a control area, each covering a 50-meter long area along the road, including a ditch tip and a 15-meter-wide forest strip. Field works include collection of data on soil penetration resistance, groundwater level monitoring, and collection of soil samples for determination of water permeability rate. The study concludes that, as a result of forwarding, the soil layer at the depth of 20-60 cm is substantially compacted during forwarding and soil compaction has a negative effect on changes of the groundwater level in the forest stand bordering with the test objects. The study concludes that the number of samples to be tested for water permeability should be significantly increased in order to characterize the water filtration rate. The results of the water permeability rate analyses in 2017 and 2018 are contradictory. It is possible that the difference in the results is due to the fact that the backing is overlapping during the construction process and then, after aligning the ditch-side after the transfer, is mixed. Water filtration properties tend to recover over time, so it is useful to repeat observations on the backwaters after several years to assess how long the impact of the timber delivery on the soil remains, as well as to increase the diversity and intensity of measurements by putting new sample plots in areas with different soil texture.
Introduction
In a study conducted in Germany [1] it was found that in the ruts made by logging machinery soil aeration in the depth of 12-24 cm was reduced for up to three years compared to unaffected soil. Infiltration capacity was reduced and penetration resistance was increased. Whereas in France [2] , long term studies have recorded changes in the soil infiltration capacity and decrease in the soil pore size.
Soil compaction is one of the main risk factors affecting the soil quality and the European Union is paying more attention to issues related to it [3] . Aspiration for the highest productivity in forestry is leading to practice where logging is carried out throughout the year, regardless of the weather, wherever possible [4] . The logging machinery primarily changes the physical properties of soil by causing vibrations, pressure and shear, which lead to soil compaction and rutting. Soil compaction is one of the main reasons that contribute to reduction of soil porosity [5] . Soil compaction intensity is directly dependent on the soil type. The amount of soil macropores can decrease to as much as 60 % and its bulk density can increase by 22-40 %. The most significant impact on loam and clay soils is on the first 30 cm of the soil [6] , but loam and sand can be impacted even deeper than 70 cm [1] . Soil compaction reduces exchange of water in the soil and limit aeration, which hinders development of roots and activity of microorganisms [7] . Compacted soil makes it difficult for tree roots to spread, reducing their ability to absorb water and nutrients [8] . These factors slow down the growth rate of trees and reduce the ability of plantations to survive [9] . The impact of these factors depends on the soil moisture regime and the type of forest growth conditions, as well as the dominant tree species [10] . These factors also influence changes in plant communities when different plant species suppress those that were forming habitats before [2;11] .
The groundwater level determines physiological processes of plants and the exchange of elements in the tree root system. High groundwater level can cause tree roots to die [12] . Dying of pine and spruce roots begins when they are flooded for more than 3-5 days, but they regenerate in 2-4 weeks, depending on the degree of damage. For pine, this process is faster due to their better adaptation to wet conditions [13] .
Soil moisture regime is an important parameter in soil compaction. In wet seasons, such as autumn and spring, the risk of compaction is higher. Impact on soil porosity by compaction is higher in clay and loam soils than in sandy soils [14] .
Compaction affects water infiltration and movement not only in vertical, but also in horizontal direction. For example, ruts in clay soils impede the horizontal flow of groundwater by about 33 %. In cases where the logging path is planned perpendicular to the direction of the natural flow, depending on the soil granulometric composition, it may contribute to the paludification of the site [15] .
Materials and methods
The study area is located in Ceraukste parish. The study plots are located near to newly constructed forest roads, where ditches were excavated and the extracted soil layer was left on the banks of the ditches, forming an elevated surface. The study area is shown in Fig. 1 . There are 3 sampling plots and 3 control plots that together form 3 research objects.
Fig. 1. Study area
Sample plots are located in areas where heavy logging equipment was moved on top of newly formed elevated ditch banks during logging in the autumn 2017. Control plots were located at least 50 m away from the sampling plots in morphologically similar areas. Similarity of the control plots and paired sampling plots is determined using a soil penetrologger. Plots with similar soil bearing capacity are considered as morphologically similar. An example of similarity of soil penetration resistance in different places is shown in Fig. 2 . During the logging period, the harvesting machinery moved only through the plots that were dedicated for timber stocking, while the control areas were not affected. The dominant type of quaternary sediments in the study area is silty clay [16] .
Each study plot and the control plot cover an area of 750 m 2 (15 * 50 m), including a ditch bank and a 10 m wide adjacent area of the forest. Soil penetration resistance measurements were performed on both the plot and the control area in summer 2017 with the Eijkelkamp penetrologger. Soil moisture measurements were not made, however, meteorological observations at the nearby Bauska meteorological observation station show that 10 days prior to the measurements there were periodic precipitation and total rainfall of 34.5 mm.
In the summer of 2017, groundwater monitoring wells were set up in the study plots and control areas. The wells are used to find out how the soil compaction caused by the logging machinery on the banks of ditches affects the flow of groundwater in the direction to the ditch. The water pressure in the groundwater wells was measured with the Vanessen instrument Mini-Diver. Air pressure was measured with Diver-DXT. Data reading was done with the Diver_Office software, which performed a pressure compensation procedure, which resulted in the height of the water column in the well. The diameter of the well is 75 mm. Average well depth is 1.52 m. Groundwater data are recorded at 1 h intervals.
In The results of the soil penetration resistance, granulometric composition, water permeability and groundwater level measurements from the control and study plots were compared. The results of the soil penetration resistance were analyzed by looking at different depths and different depth classes. Soil bearing capacity at the beginning and the end of the study is not directly compared, as measurements have been made under different soil moisture conditions. Precipitation and temperature data were taken from the website of the Latvian Environment, Geology and Meteorology Centre. Meteorological data were obtained at hourly intervals and the corresponding daily and average values were calculated. The filtration properties of the collected soil samples were determined by the Latvia University of Life Sciences and Technologies laboratory (LLU). Groundwater monitoring data were also analysed in cooperation with specialists from LLU.
Results and discussion
The results of analysis of the soil penetration resistance are summarized in the following diagrams. As shown in Fig. 3 , the bearing capacity of the soil in the research object was similar in the initial state when comparing the sampling and control plots. The soil penetration resistance in the control area of the first study object increases evenly depending on the depth. At a depth of 80 cm, the soil penetration resistance exceeds 4 MPa in both the control and the sampling plot. Repeated measurements of the soil penetration resistance were made after completion of the logging process and filling the ruts. The penetration resistance in sampling plots has increased significantly compared to the control area (Fig. 4) . Comparing the results with those obtained previously, it can be seen that the overall resistance of soil penetration in this research object has decreased, probably due to higher soil moisture regime. However, the soil penetration resistance in the sampling plot is up to two times higher than in the control area. It should be noted that the depth of the ruts in the study plots was 20-30 cm. Ruts were filled with loose soil, so the upper layer on ditch banks has not been subjected to compaction. Other research objects showed similar trends for the depth up to 60 cm. From the results of the soil penetration resistance measurements it can be concluded that the greatest effect of soil compaction from logging is observed in the soil layer at a depth of 20-60 cm. This corresponds to the observations from [1] , who noted that coil compaction on sand and loam soils can be impacted even deeper than 70 cm. 
. Changes in water table
It can be seen that from the very beginning the water table in the monitoring wells installed in the sampling plot is rising faster than in the wells in the control area. Since mid-September 2017, the water table has been close to the top of the soil both in the sampling plot and in the control area, and similar fluctuations in water levels can be observed until the beginning of March. There is a tendency for the water table in wells installed in the control areas to decrease more rapidly than in the sampling plots, and it can be attributed to compacted soil in sampling plots, higher share of water filled pores [14] and reduction of porosity due to compaction [5] . Other study objects show similar results in terms of disturbed groundwater flow in the sampling plots, but freezing and thawing seem to improve the hydraulic permeability in the compacted soil layer.
Water filtration properties are determined for the soil samples taken from the ditch banks and adjacent forest stands. Soil samples were collected in the summer of 2018. Data were analyzed to determine the ratio of the water filtration rate between the ditch bank and the adjacent forest stand (Table 1) . Only the results of the second study object (C2K -control plot and C2P -sampling plot) show that the water filtration rate in the sampling plot is relatively worse than in the control area. In other sites the situation is the opposite. The relatively high and low water filtration characteristics in the obtained results indicate that there is a large dispersion of data and that too few soil samples may have been analyzed for in-depth conclusions. Table 1 Water filtration ratio (%) between forest stand and adjacent ditch bank
